Transmission electron microscopic observations were made of different dislocation structures in laser-nitrided titanium. Equidistant edge dislocations in the bulk and periodic surface structures exhibit a periodicity within the same order of magnitude. An analysis is presented in which both periodic phenomena are explained by cellular growth.
Introduction
Titanium possesses several excellent properties like a good corrosion resistance and high strength to weight ratio. Its light weight and ability to withstand extreme temperatures make titanium suitable for aerospace applications. However, a disadvantage of titanium is its high friction and poor wear resistance. This problem can be tackled by applying a protective coating, for instance by nitriding the surface which results in a hard ceramic surface layer and as a consequence enhances both wear and friction properties. Nitriding with techniques like chemical vapour deposition (CVD) and physical vapour deposition (PVD) produces a limited surface layer of a few micrometres [1] . In contrast, laser nitriding may result in a modified layer of several hundreds of micrometres [2] [3] [4] [5] [6] [7] [8] . This high-temperature treatment results in various microstructural features.
In this study, titanium samples were laser nitrided with the use of a 1.5 kW CO laser at different laserscan velocities. The modified layer contained different microstructures with their own specific hardness. At the top of this layer, a thin (1-3 m), flat and highly +1 0 0, textured TiN layer was observed. Perpendicular to this, TiN dendrites were present. The top layer contained periodic structures which were observed both by scanning and transmission electron microscopy, although being different in appearance. TEM observations showed fuzzy lines, whereas SEM observations demonstrated an undulated surface. The periodicity of the dislocation structures was of the same order of magnitude as the surface structure observed with the SEM. With increasing laser-scan velocity, the periodicity decreased, where finally a transition to dendritic growth took place.
During solidification after laser processing, the orientation of the top layer is determined by the crystallographic preferred direction for heat transport. By considering the phonon spectrum it can be seen that the growth direction corresponds with the direction of strongest phonon interactions. Further, cracks were present in the modified layer, caused by high thermal stresses which exceeded the critical stress for fracture. These cracks tended to follow certain preferred crystallographic directions.
Experimental procedure
Commercially pure (grade 2) titanium sheets with a thickness of 5 mm and a diameter of 40 mm were laser treated. This was done with the use of a 1.5 kW Spectra Physics CO laser operating in a TEM mode, which resulted in a Gaussian intensity distribution. Before processing, the samples were sand blasted to increase the absorption of the laser beam. The applied laser power was 1200 W and the scan velocity was in the range of 25-200 mm s\. The beam diameter amounted to 0.55 mm. The nitrogen flow was supplied by a nozzle system consisting of three nozzles with an axial and two side flows under an angle of 45°.
Subsequently, cross-sectional and top-view TEM specimens were made. Samples of the top layer were ground from the bulk side, dimpled and finally ion milled. When the first hole arose, the sample was ion milled from above for about 45 min. Cross-sectional TEM specimens were made by taking a slice, grinding both sides to a thickness of around 10 m and finally ion milling from one side under alternating positive and negative angle until some material was removed from the top layer.
The surface morphology was studied with the use of a Philips FEG XL30 scanning electron microscope. Further a Jeol-200 CX and a Jeol-4000EX-II transmission electron microscope, operating at 200 and 400 kV, respectively, were used to study the dislocation structures and to determine the different phases. The advantage of the latter microscope was that, al- though the sample contained differences in thickness due to different thinning rates for titanium and TiN, the electrons penetrate the sample more easily.
Results
On top of the laser track, a flat, thin TiN layer was present if the laser power density (LPD) was high enough to melt TiN. TiN dendrites were oriented perpendicular to this TiN layer, whereas deeper in the melt the dendrites became randomly oriented. The microstructure in between the dendrites consisted of a very fine needle-like structure (Fig. 1) , which was also present below the dendritic region [2] . Locally, there existed a preferred orientation between the needles in two directions, often varying between 60°a nd 90°. Because laser treatment of titanium in an argon atmosphere did not result in this needle-like structure, this must be influenced by the interstitial presence of nitrogen atoms. The phase was determined with the use of the TEM. The needles appeared to have an h c p phase in accordance with the phase diagram. The needles were likely formed by a martensitic phase transformation from the -phase. Fig. 2 shows two or three needles almost in the same diffraction condition. Note that for this case, the angular orientation of the needles with respect to each other, amounts to 60°.
At a micrometre scale, the surface morphology can be described by large, flat grains and ripples. The grains tended to grow perpendicular to the solidification front which was indicated by ripple contours [2, 3] . Around the middle of the tracks the grains were elongated for low velocities, where at increasing velocity their length decreased in order to maintain growth perpendicular to the front. The solidification front was V-shaped which became more ragged for increasing scan velocity.
X-ray measurements showed the surface to exhibit strong +0 0 1, texture. TEM research established elongated grains positioned around the +0 0 1, orientation with respect to the surface and growing in a 11 0 02 direction. Neighbouring grains in the middle of the track were tilted in random directions over a few degrees.
TiN was supposed to have the same slip system as NaCl. Edge dislocations were expected to be situated in the +1 1 0, plane and screw dislocations in the +1 0 0, plane due to their different mobilities in the different planes [9] . Nevertheless, at high temperatures, deviations could occur, caused by a decrease of the ionic nature of bonding. In the TiN top layer, screw dislocations were found with Burgers vector $ [1 1 0]. Fig. 3 shows a network of screw dislocations. Locally, these consisted of only one type but there were also places where screw dislocations with both b"$ [1 1 0] and b"$ [1 1 0] were present. Besides screw dislocations, edge type dislocation structures were also found, which can be seen in Fig. 3 . We expected to find b"# [1 1 0], which is the shortest translational invariant lattice vector, but we found b"[0 1 0] which implies the dislocation being sessile. In contrast to the screw dislocations, the edge dislocation lines were quite fuzzy. It seemed like there were a number of dislocation lines, heavily jogged and kinked, in a very narrow band. In the middle of the laser track, all edge dislocation lines were parallel to the laser scan direction and/or solidification direction
